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carbon atom in the extra methyl groups (the =C-C base is 
fixed by the ethylidyne results, while all hydrogens can be 
ignored in LEED). 
Both propylene and methylacetylene (H-C=C-CH3 ) can 
produce a c(4 X 2) pattern with I-V curves identical to those 
of the c(4 X2) species obtained from ethylene and acetylene. 
A new theoretical approximation is used in a first stage of 
this LEED analysis: the multiple scattering is ignored within 
the molecular overiayer, but not in other parts of the surface, 
including between the substrate and the overlayer.4 
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Methanol adsorption on transition metals has attracted a 
number of studies in the ultrahigh vacuum regime. 1- 15 Its 
oxidation to formaldehyde has recently been investigated 
over the Cu( 110) surface by various techniques, 12- 14 although 
these studies for Ag( 110) have been limited to the tempera-
ture programmed reaction spectroscopy (TPRS) of Wachs 
and Madix. 15 In our study, which is described more fully 
elsewhere, 16 we have employed x-ray photoelectron spectro-
scopy (XPS) and He II ultraviolet photoelectron spectrosco-
PY (UPS) to investigate adsorption, decomposition, and oxi-
dation of methanol over Ag{ 111 ), the smoothest plane of this 
relatively inert transition metal. 
Because of poor signal-to-noise ratios, our UPS work was 
limited to single and multilayer adsorption on clean Ag( 111) 
at 90 K. For a single layer, as compared to thin multilayers, 
we observed an approximately 0. 5 e V shift of the molecular 
orbitals towards the Fermi level due to enhanced electronic 
screening of the metal compared to that of other methanol 
molecules. The highest occupied level, the 7a', shows less 
shift due to competition with a weak bonding interaction. 
Much larger bonding interactions have been noted for the 
more active transition metals, e.g., Pd1, Al2, Ru3, and Ni4 • 
XPS showed the C ls and 0 Is lines to be at 287.0 and 
532.8 eV ± 0.3 eV respectively, in good agreement with the 
values for CH30H/Cu{l10), 286.2 and 532.4 eV. 12 For thick 
multilayers, the intensity ratio of the 0 ls to C 1s is about 2.8 
which is reduced by a factor of0.84 from a single layer. This 
agrees quantitatively with simple considerations of the 
greater kinetic energy ( 1199 e V} and escape depth of elec-
trons from the C ls level relative to those from the 0 ls (953 
eV). 
The oxidation of methanol to formaldehyde was studied 
by preadsorbing active oxygen (0 ls = 528.5 eV) by the 
method described previously. 17·18 Subsequent exposure to 
CH30H was performed at approximately 200 K. A detailed 
analysis is given elsewhere of the identification of surface 
decomposition and oxidation species based on line positions, 
intensities, and thermal behavior. 16 
The kinetics of the oxidation were investigated at 293, 
333, and 383 K by measuring the 0 ls intensity during expo-
sure to 10-7 Torr of methanol, and the results are shown in 
Fig. 1. The analysis was performed by considering a simpli-
fied reaction scheme in which incident methanol molecules 
either (a) desorb again or (b) react with surface oxygen. Pro-
ducts formed by the latter process may remain on the sur-
face, or desorb. The model may be drawn schematically: 
CHPH CH30H H 20,H2,H2CO (a) (b) __,.o Ag(lll) 
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FIG. 1. Decrease in the actiue oxygen 0 ls intensity during exposure at 293, 
333, and 383 K to CH;OH at 1 X 10-7 Torr. Insert: Arrhenius plot assum-
ing a simple Langmuir-Hinshelwood kinetic model. 
The equation for mass balance is given by 
-==PM=== vM [M]exp (- EM/kT)- d_[O_], 
dt ~2trkTm 
(l) 
where the first term on the right-hand side describes path (a) 
and the second term path (b). For path (a), we make the sim-
plifying assumption that CH30H desorption is first order in 
methanol coverage [MJ with a pre-exponential factor vM 
and an activation energy of desorption EM . As with a pre-
vious study of carbon monoxide oxidation, we consider a 
Langmuir-Hinshelwood (LH) reaction mechanism: 
- d (O] = v' [M] [O)exp ( - E 'lkT) = r, (2) 
dt 
where r is the rate of active oxygen consumption and the 
prime signifies coefficients for the rate limiting reaction step 
(the experiments do not permit identification of the appro-
priate step). Using Eq. (2) to eliminate (MJ from Eq. ( 1) we 
obtain 
_ d [0] = PM { v[O]exp (- E lkT) ) (3) 
dt (2trkTm) 112 \1 + v[O]exp (- E !kT) ' 
where v =~and E =E' -EM. Multiplying both sides of 
VM 
Eq. (3) by the right hand side denominator, collecting terms, 
and taking the logarithm, we obtain 
P= --ffiC2==~~;~Jd ~~]) E - -lnv(O]. kT 
(4) 
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This equation is plotted in the insert of Fig. 1 using the initial 
slopes from the figure, i.e., - d [0]/dt at [0] = 7X 1014 
atoms/cm2, t = 0. The linearity indicates that the LH form 
of the reaction mechanism adequately describes the kinetics. 
The slope and intercept of the straight line gives E = 8.7 
kcal/mol and lnv[OJ = 13.2. Since [0] = 7X 10 14 
atoms/cm2, v ~w-9 cm2 • This implies a rather large value 
for v'(104 cm2/s) assuming that vM = 1013/s, suggesting a 
high mobility of the adsorbed methanol. The activation ener-
gy difference seems reasonable since a desorption activation 
energy ofl2 kcal/molfor methanol (typical) implies E' = 21 
kcal/mol which is the appropriate value for the /33 state of 
H2CO production. 13 
Acknowledgments: The authors are grateful to A. P. Sche-
pelin and A. I. Nizovsky for assistance in the measurements. 
This work is part of the U.S.-U.S.S.R. Joint Exchange Pro-
gram in Chemical Catalysis and was supported by the Na-
tional Science Foundation under Grant No. CHE77-
10629A02. 
•!supported by the National Science Foundation under Grant No. CHE77-
10629. 
h1Present address: Sandia National Laboratories, Livermore, California 
94550. 
ciCamille and Henry Dreyfus Foundation Teacher-Scholar. 
1H. Liith, G. W. Rublotf, and W. D. Grobman, Surf. Sci. 63, 325 (1977). 
2J. W. Rogers, Jr. and J. M. White, J. Vac. Sci. Techno!. 16,485 (1979). 
3G. B. Fisher, T. E. Madey, B. J. Waclowski, and J. T. Yates, Jr., Proc. 7th 
International Vac. Congress (Vienna, 1977), p. 1071. 
4G. W. Rubloffand J. E. Demuth, J. Vac. Sci. Techno!. 14,419 (1977). 
5W. F. Egelhoff, Jr., D. L. Perry, and J. W. Linnett, J. Electron Spect. Rei. 
Phenom. 5, 339 (1974). 
6 K. Y. Yu, J. C. McMenamin, and W. E. Spicer, J. Vac. Sci. Technol. 12, 
286 (1975), Surf. Sci. 50, 149 (1975). 
7G. W. Rubloff, H. Liith, and W. D. Grobman, Chern. Phys. Lett. 39,493 
(1976). 
"B. A. Sexton, Surf. Sci. 102, 271 (1981). 
9I. Kojima, H. Sugihara, E. Miyazaki, and I. Yasumori, J. Chern. Soc. 
Faraday Trans. I 77, 1315 (1981). 
10J. B. Benziger and R. J, Madix, J. Cata!. 65, 36 (1980). 
''J. E. Demuth and H. Ibach, Chern. Phys. Lett. 60, 395 (79). 
12M. Bowker and R. J. Madix, Surf. Sci. 95, 190 (1980). 
"B. A. Sexton, Surf. Sci. 88, 299 (1979). 
14I. E. Wachs and R J. Madix, J. Catalysis 53, 208 (78). 
15I. E. Wachs and R. J. Madix, Surf. Sci. 76, 531 (1978). 
"'T. E. Felter, W. H. Weinberg, G. Ya. Lastushkina, P. A. Zhdan, G. K. 
Boreskov and J. Hrbek, Appl. Surf. Sci. (submitted for publication). 
17T. E. Felter, W. H. Weinberg, P. A. Zhdan, and G. K. Boreskov, J. Vac. 
Sci. Technol. 18, 622 (1981). 
'"T. E. Felter, W. H. Weinberg, G. Ya. Lastushkina, A. I. Boronin, P. A. 
Zhdan, G. K. Boreskov, and J. Hrbek, Surf. Sci. (submitted for 
publication). 
